Charge transport and catalysis in enzymes often rely on amino acid radicals as intermediates. The generation and transport of these radicals are synonymous with proton-coupled electron transfer (PCET), which intrinsically is a quantum mechanical effect as both the electron and proton tunnel. The caveat to PCET is that proton transfer (PT) is fundamentally limited to short distances relative to electron transfer (ET). This predicament is resolved in biology by the evolution of enzymes to control PT and ET coordinates on highly different length scales. In doing so, the enzyme imparts exquisite thermodynamic and kinetic controls over radical transport and radical-based catalysis at cofactor active sites. This discussion will present model systems containing orthogonal ET and PT pathways, thereby allowing the proton and electron tunnelling events to be disentangled. Against this mechanistic backdrop, PCET catalysis of oxygen-oxygen bond activation by mono-oxygenases is captured at biomimetic porphyrin redox platforms. The discussion concludes with the case study of radical-based quantum catalysis in a natural biological enzyme, class I Escherichia coli ribonucleotide reductase. Studies are presented that show the enzyme utilizes both collinear and orthogonal PCET to transport charge from an assembled diiron-tyrosyl radical cofactor to the active site over 35 Å away via an amino acid radical-hopping pathway spanning two protein subunits.
INTRODUCTION
Enzymes often rely on the coupling of electrons and protons to affect primary metabolic steps involving charge transport and catalysis. Amino acid radical generation and transport are synonymous with protoncoupled electron transfer (PCET; Stubbe et al. 2003) as is the activation of most substrate bonds at enzyme active sites (Chang et al. 2004a) . PCET is especially prevalent at metallo-cofactors that activate substrates at carbon, oxygen, nitrogen and sulphur atoms. PCET charge transport and activation events in enzymes embody 'quantum catalysis' inasmuch as PCET is intrinsically a quantum mechanical effect because both the electron and the proton tunnel. The caveat to PCET is that the transfer of the proton, as the heavier particle, is fundamentally limited to short distances, whereas the electron, as the lighter particle, may transfer over very long distances (Moser et al. 1992; Winkler & Gray 1992; Gray & Winkler 1996) . When transport distances are short, the electron and proton may transfer together. When they are long, however, the predicament of the disparate transfer distances is resolved by the evolution of enzymes to control protontransfer (PT) and electron-transfer (ET) coordinates on highly different length scales. Adding to the challenge of effecting PCET over long distances with appreciable rates are the requirements that charge transport occurs under mild physiological conditions, with minimal thermodynamic driving force, with low over-potentials and with specificity. To do so, enzymes impart exquisite thermodynamic and kinetic controls over the electron and proton during radical transport and catalysis. Figure 1 presents the two basic scenarios for PCET in biology.
The electron and the proton may transfer along the same collinear path with or without X-H bond breaking. The former describes long-range ET in biology. Here, electron transport along pathways containing X-H/Y bonds is modulated by the hydrogen bond, typically via the electronic coupling matrix element (Beratan et al. 1991; Lin et al. 2005) . The coupling between the proton and the electron is more pronounced when the X-H bond breaking is involved. This subclass of PCET includes hydrogen atom transfer (HAT), which is the specific case for an electron and a proton originating from the same atom (Cukier 2002) . Amino acid radical generation often occurs by HAT (Stubbe & van der Donk 1998) as does the activation of the C-H bonds of substrates by oxidized cofactors such as those in lipoxygenase (Kohen & Klinman 1998; Liang & Klinman 2004) , galactose oxidase (Maradufu et al. 1971; Ito et al. 1994; Whittaker 2005 ) and ribonucleotide reductase (RNR; Stubbe et al. 1983) . In these cases, the thermodynamics for transport of the electron and the proton compels that they couple. This is most easily elucidated by the square scheme shown in figure 2. The thermochemistry of the diagonal PCET pathway is the sum of the thermochemistry of the constituent ET and PT stepwise pathways, which are indicated along the edges of the square scheme (Mayer 2004) . For the case of amino acid radicals and for substrate activation at physiological pH values, the intermediate states of the stepwise pathways are energetically uphill. If the HAT pathway is energetically favoured with regard to these uphill steps for initial ET or PT, then the reaction may be directed along the diagonal.
The other major category of PCET in biology (figure 1) is characterized by ET and PT pathways that are orthogonal to each other. Theoretical treatments of PCET confirm that proton motion can affect electron transport even when the electron and proton do not move along collinear coordinates (Cukier 1995 (Cukier , 1996 (Cukier , 1999 (Cukier , 2002 Cukier & Nocera 1998; Soudackov & HammesSchiffer 1999 Hammes-Schiffer 2001a,b) . Furthermore, the same electron and proton do not have to be coupled throughout the entire transformation. As the electron moves, it may encounter different protons along a transport chain. All that is required for direct coupling is that the kinetics (and thermodynamics) of electron transport depends on the position of a specific proton or set of protons at any given time. It is direct coupling of the electron and proton that is the most elementary characteristic of a PCET event. The case of orthogonal PCET is more frequent than might be expected because the evolution of this pathway permits enzymes to manage the disparate electron and proton length scales. Electrons can transfer into and out of active sites over long distances in concert with protons that hop to or from the active site along amino acid side chains or along structured water channels. Mono-oxygenases such as cytochrome P450 (Poulos et al. 1985 (Poulos et al. , 1987 Vidakovic et al. 1998; Meunier et al. 2004 ) and peroxidases (Miller et al. 1990; Newmyer & Ortiz de Montellano 1995; Tanaka et al. 1997 ) are exemplars of enzymes that operate by this type of PCET in biology. Redox activation of these enzymes to produce haem-oxo intermediates of compounds I and II occurs with the movement of protons along water channels or by amino acid side chains that connect the redox cofactor to the external aqueous environment (Pond et al. 2001) .
Other oxidases also derive function from orthogonalized PCET pathways at the enzyme active site. The recent crystal structures of photosystem II (PSII; Ferreira et al. 2004; Loll et al. 2005) support suggestions that as the oxygen-evolving complex (OEC) steps through its various S-states (Vrettos & Brudvig 2002; Hoganson & Tommos 2004) , substratederived protons are shuttled to the lumen via a proton exit channel, the headwater of which appears to be the D61 residue hydrogen bonded to Mn-bound water . As shown by the structure reproduced in figure 3, D61 is diametrically opposite to Y Z , which has long been known (Barry & Babcock 1987; Debus et al. 1988a,b) to be the electron relay between the reaction centre and the OEC. The crystal structure of PSII also suggests that orthogonal PCET may be used to generate amino acid radicals. Functional schemes of PSII prior to the crystal structure suggested that Y Z was linked to a water channel via H190 (Tommos & Babcock 1998 and hence was the nexus for the requisite electron and proton transport of OEC. However, the more recently Figure 2 . Square scheme describing the thermochemistry of different pathways of a HAT reaction. The overall reaction free energy is obtained by combining the relevant reduction potentials and pK a values corresponding to stepwise ET/PT (or PT/ET) reactions around the edges. Yet, in many cases, direct HAT along the diagonal is favoured in order to avoid energetic intermediates. obtained crystal structure shows the Y Z -H190 pair to be relatively isolated by a-helices. Yet, for reasons described in figure 2 , oxidation of Y Z requires proton dissociation from the phenolic oxygen. The quandary is overcome by the intervention of H190, which is positioned in hydrogen-bonding contact to Y Z . Redox activity from Y Z may be supported by PT to and from H190 since electrons are transferred through the phenol ring of tyrosine. We emphasize that the crystal structure does not capture conformational dynamics that may expose the H190-Y Z pair to the solvent. Indeed, the efficiency of Y Z oxidation can be titrated with pH, in both the natural system and the H190 mutants (Debus 2001) , suggesting some degree of proton access from the Y Z -H190 pair to the bulk.
Orthogonal PCETs are operable in the concerted function of the bacterial photosynthetic reaction centre and cytochrome bc 1 complex. Excitation of the reaction centre initiates charge separation via ET, which results in the sequential two-electron reduction of quinone Q B . The quinone reduction is coupled to two sequential proton uptakes to form the hydroquinone, the second of which is a strongly coupled PCET event (Okamura et al. 2000) . Cytochrome bc 1 couples the oxidation of hydroquinone at the Q 0 -binding site to translocation of the protons across the membrane. This coupling most probably proceeds via either concerted two-electron chemistry or conformationally gated one-electron chemistry involving the semi-quinone intermediate (Osyczka et al. 2004) .
Orthogonal PCET is also prevalent in reductases. Crystal structures of hydrogenases (Peters et al. 1998; Nicolet et al. 1999; Volbeda & Fontecilla-Camps 2005) indicate that the mechanism for hydrogen production occurs by transporting protons into the active site along pathways distinct from those traversed by the electron equivalents. Electrons are injected putatively into the active site via a chain of [FeS] clusters, while proton channels and acidic/basic residues at the active site manage the substrate inventory. This discussion will present our approach to developing new chemical and biological tools to unravel the mechanistic details of PCET. The discussion will begin by presenting model systems that permit the proton and electron tunnelling events to be disentangled for collinear and orthogonal PCETs. We will then show, by the lessons learned from these model systems, that PCET may be exploited in biomimetic mono-oxygenases, which display unprecedented multifunctional, catalytic activity. The discussion will conclude with the case study of radical-based quantum catalysis in a natural biological enzyme, class I Escherichia coli RNR. This enzyme utilizes both collinear and orthogonal PCETs to transport charge from an assembled diiron-tyrosyl radical cofactor to the active site over 35 Å away via an amino acid radicalhopping pathway spanning two protein subunits.
PROTON-COUPLED ELECTRON TRANSFER MODEL SYSTEMS
The need to account for the effect of proton motion on ET in the PCET problem requires the development of new methods in chemistry and biology. In devising these new approaches, lessons learnt from the study of ET should not be ignored. Paramount among these is the benefits garnered from mechanistic studies of unimolecular ET over a fixed distance. This is best seen from the large body of work in the 1970s on the bimolecular ET reactions between redox proteins (primarily cytochrome c) and untethered smallmolecule reactants (Marcus & Sutin 1985) . Diffusion of reactants and large Coulombic contributions obscured the factors governing ET events. Only with the advent of new methods that enabled ET to be examined over fixed distances were theories able to be tested and redox reactions developed with predictability. The same benefits are expected to be garnered from studying PCET at fixed distance, but the challenge is compounded by the requirement to control two distances-those of ET and PT. The task is a challenge to synthesis because it must deliver control over the primary coordination sphere for tuning the ET event, and control over the secondary coordination sphere for tuning the PT event. In biology, the secondary and tertiary structures about redox cofactors provide a fixed distance pathway for PT. Such principles need to be incorporated in models designed to probe the mechanistic details of PCET. Some of these strategies under development in our group are described. ]-A fashion. PCET is triggered by laser excitation of the donor or acceptor and resolved kinetically by performing time-resolved spectroscopy. These systems have provided tangible kinetics benchmarks for PCET reactions (Turró et al. 1992 ; Kirby et al. 1995 Kirby et al. , 1997 Roberts et al. 1995 Roberts et al. , 1997 Deng et al. 1997; Yeh et al. 2001b; Damrauer et al. 2004) and stimulated the development of theories to describe PCET (Cukier & Nocera 1998; Hammes-Schiffer 2001a,b) .
, DZzinc(II) porphyrin, AZdinitrobenzene) exploited the propensity of carboxylic acids to form cyclic dimers in low polarity, non-hydrogen bonding solvents (Turró et al. 1992) . Observation of a deuterium isotope effect for charge separation and recombination revealed the coupling between electron and proton. Within the -[(COOH) 2 ]-interface, proton displacement on one side of the dicarboxylic acid interface is compensated by the concomitant displacement of a proton from the other side. Since charge redistribution within this interface is negligible, the only available mechanism for PCETarises from the dependence of the electronic coupling matrix element on the position of the protons within the interface (Cukier 1994; Zhao & Cukier 1995; Cukier et al. 2002) . Similar results have been obtained for donors and acceptors separated by guanine-cytosine base pairs (Shafirovich et al. 1995; Sessler et al. 1996; Ward 1997) and related interfaces (Ghaddar et al. 2000; Chang et al. 2001) , where net proton motion within the interface is minimal.
To induce proton motion along an ET pathway, collinear systems with asymmetric interfaces such as salt bridges between donor-acceptor pairs have been constructed Roberts et al. 1995 Roberts et al. , 1997 Deng et al. 1997) . A prominent system of this type that we have exploited features an amidiniumcarboxylate salt bridge (figure 4) as the asymmetric interface. The pronounced effect of the proton on the ET rate is immediately evident from a comparative kinetics study of a D- ) is attenuated ca 40-fold when the interface is switched, D-(amidinium-carboxylate)-A. From these experiments, we find that the driving force and reorganization energy depend on the charge distribution of the electron and the proton because the initial and the final charge values are dependent on whether the process corresponds to ET, PT or PCET. Therefore, the two parameters that determine the rate of a charge transfer reaction, the activation energy and the electronic coupling, depend on the reaction pathway. The coupling of the charge shift resulting from electron and proton motion to the polarization of the surrounding environment thus embodies the essential distinguishing characteristic of a PCET reaction.
The effects of tunnelling on PCET rates through asymmetric interfaces have been uncovered with assembly shown in figure 4b. Note that in figure 4b the -[H C ] -interface is represented in its non-ionized tautomeric form, which has been shown to prevail for carboxylic acids of comparable pK a s in low-dielectric environments (Rosenthal et al. In press) . Photoexcitation of the Zn(II) porphyrin photoreductant prompts ET to the naphthalene diimide electron acceptor via the amidinium-carboxylate acid interface (Damrauer et al. 2004 ). This reaction may be followed by monitoring the growth and decay of the porphyrin cation radical transient absorption (k PCET (fwd)Z9!10 8 s K1 and k PCET (rev)Z14!10 8 s
K1
). The forward rate constant is attenuated by nearly two orders of magnitude when compared with that measured for a dyad consisting of nearly identical donor and acceptor moieties positioned in a comparable geometry, but via covalent bonds rather than hydrogen bonds (Osuka et al. 1998) . Since the thermodynamic driving force and solvent reorganization energies for ET in these two systems are comparable, this comparison implies that the bridging hydrogen bonds in our model system attenuate the electronic coupling between the electron donor and acceptor, consistent with earlier reports (Beratan et al. 1987 ). The nuclear and electronic contributions to the PCET reaction may be unravelled from temperature-dependent kinetics measurements (Hodgkiss et al. 2006) . A small electronic coupling term (VZ2.4 cm -1 ) supports the contention that the hydrogen-bonding interface is the bottleneck for electronic coupling in this system. Extending the temperature-dependent measurements to a deuterated salt bridge yields the surprising result shown in figure 5. The kinetic isotope effect switches from being normal at high temperature (k H / k D w1.2, 300 K) to inverted at low temperature (k H / k D w0.9, 120 K). This is interpreted in a model where fluctuations within the hydrogen-bonding bridge dynamically modulate electronic coupling for ET, and consequently the rate of charge-separation becomes sensitive to the nature of proton modes within the bridge (Pressé & Silbey 2006) . Thermal population of vibrational states is the most probable cause for the reverse isotope effect in this system, where the lowfrequency mode is a localized vibration in the hydrogen bond. At low enough temperatures, the thermally induced shift in the deuteron probability density contributes more to the PCET rate compared with the protiated form of the interface (due to the difference in zero-point energies). The normal isotope effect is recovered with increasing temperature as the lowest lying excited states of the hydrogen bond vibration of interest begin contributing to the PCET rate. This microscopic insight into the role of mediating protons is very pertinent to collinear PCET in biology, where asymmetrical hydrogen-bonding networks are frequently the bottlenecks for electron transport. However, this level of understanding can only be reached when the relevant dynamics are isolated in well-defined and spectroscopically accessible model systems such as that shown in figure 4b. (b) Orthogonal proton-coupled electron transfer networks The collinear PCET networks of §2a impose an inherent limitation on negotiating the length-scale disparity between PT and ET. The network is assembled by the hydrogen bonds of the PT interface; hence, PT distances are confined to the hydrogen bond length scale. To overcome this limitation, we are constructing the PCET model systems shown in figure 6a in which ET and PT coordinates are orthogonalized. The PT distance is established by a rigid scaffold that poises an acid-base group above an ET conduit. In the 'Hangman' porphyrin architecture, a carboxylic acid or amidine is positioned over a PFe III (OH) (PZporphyrin) redox platform via a xanthene or dibenzofuran spacer (Yeh et al. 2001a; Chang et al. 2003; Chng et al. 2003) . By appending an electron acceptor to the porphyrin platform, the PCET reaction may generate the ferryl: PFe The Hangman constructs allow us to investigate incisively the role of proton tunnelling in PCET because the PT distance is easily tuned with the length of the Hangman pillar. For example, we have structurally characterized the Hangman porphyrin xanthene (HPX; figure 6b ) and shown that a water molecule (with a binding energy of 5.8 kcal mol K1 ; Chang et al. 2003) is suspended between the xanthene carboxylic acid hanging group and the hydroxide ligand (Yeh et al. 2001a) . This is the first synthetic redox active site displaying an assembled water molecule as part of a structurally well-defined PT network. By interposing a water molecule near the Hangman xanthene spacer, we can switch from a configuration requiring a long-distance PT event (approx. 3.5 Å ) coupled to ET, to one requiring two short-distance PT events (1.8 Å , proton hopping along a water chain). Alternatively, we have shown that the PT distance may be tuned with the length of the spacer . With our ability to control precisely the PT distance, theoretical predictions of how the isotope effect varies in a PCETreaction (Decornez & Hammes-Schiffer 2000) with PT distance may be tested.
(c) Proton-coupled electron transfer biocatalysis A PT network disposed orthogonally to a haem redox cofactor is prevalent in structures of enzymes that derive their function from oxygen activation. The structure of cytochrome P450 is exemplary in this respect (Poulos et al. 1986) . Figure 7a focuses on the haem and its hard-wired water channel along which PT is directed. The highly activated ferryl oxygen of the redox cofactor, P $C Fe IV ZO (compound I-type intermediate in which a Fe IV ZO centre resides in a porphyrin cation radical, P $C ), is produced by PT from the water channel to a ferric peroxy intermediate, as shown in figure 7b . Formation of the high-valent metal oxo fragment is thus accomplished by coupling PT to an internal 2e K redox event. The Hangman porphyrin is a simplified construct of cytochrome P450. The protonic pendant acid group of the Hangman porphyrin plays the same role as the water channel of the natural enzyme. Accordingly, the functional activity of cytochrome P450 is captured by the Hangman construct . PT from the acid-base hanging group in (HPX)Fe III peroxide complexes yields (HP $C X)Fe IV ZO (Dempsey et al. 2005) . In the presence of olefins, epoxidation occurs at high turnover . In the absence of substrate, the compound I-type intermediate reacts with peroxide to generate oxygen and water in a catalase-like reactivity, also at high turnover . Mono-oxygenase and catalase activities are lost when the scaffold is extended and the proton must transfer over long distance . Activity is also reduced severely when the pK a of the hanging acid-base group is increased .
The studies on these Hangman porphyrins and other macrocyclic redox platforms (Liu & Nocera 2005) clearly demonstrate that exceptional catalysis may be achieved when redox and PT properties of a cofactor are controlled independently. A key requirement is that the PT distance is kept short, which may be accomplished by orthogonalizing ET and PT coordinates. The benefits of incorporating PT functionality into redox catalysis can only be realized when a suitable geometry is established. Moreover, the Hangman platforms show that a multifunctional activity of a single metalloporphyrin-based scaffold is achieved by the addition of proton control to a redox platform. This observation is evocative of natural haem-dependent proteins that employ a conserved protoporphyrin IX cofactor to affect a myriad of chemical reactivities.
PROTON-COUPLED ELECTRON TRANSFER IN ENZYMES: A STUDY OF RIBONUCLEOTIDE REDUCTASE
The study of PCET in natural systems provides the convenience that both the ET and the PT groups are held at fixed distance by the secondary and tertiary structures of the protein. Thus, the laborious synthesis attendant to constructing fixed-distance ET and PT pathways is circumvented. However, PCET investigations of the natural systems brings the new challenge that the PCET reaction is typically part of a more complicated cascade of events including, but not limited to, protein-protein interactions, binding/ release of substrate, protons or redox equivalents, and intra-protein conformational dynamics, all of which may be necessary for enzymatic function. Thus, the PCET event must be isolated in the biological system, prompting us to develop new biochemical and biophysical methods for the study of PCET in biology. Paramount among these new methods are:
(i) photo-active non-natural amino acids/redox platforms that enable PCET to be photo-triggered; (ii) non-natural amino acids that permit the examination of ET and PT by control of pK a and redox potentials; (iii) the implementation of new biochemical methods that permit the non-natural amino acids to be selectively introduced along putative PCET pathways of the enzyme.
We demonstrate the utility of these new methods with studies aimed at elaborating the PCET reactivity in RNR.
(a) The putative proton-coupled electron transfer pathway in ribonucleotide reductase Class I E. coli RNR is composed of two homodimeric subunits designated R1 and R2, and a complex between the two catalyses the reduction of nucleoside diphosphates to deoxynucleoside diphosphates ( Jordan & Reichard 1998; Stubbe & van der Donk 1998; Stubbe et al. 2003) . R2 harbours the diferric tyrosyl radical ( $ Y122) cofactor that initiates nucleotide reduction by Radical transfer over this distance has been proposed to occur via a PCET radical-hopping pathway involving radical intermediates of the aromatic amino acid residues shown in figure 8 . Specifically, the radical is suggested to transfer along the pathway
(b) Proton-coupled electron transfer in the R2 subunit of ribonucleotide reductase As the proposed gatekeeper for radical transport between R1 and R2, Y356 is pre-eminent to the PCET pathway of RNR. The limited repertoire of natural amino acids does not allow an informative perturbation to be made, and thus we have recently turned to site-specific insertions of unnatural amino acids into R2 at Y356 using protein ligation methods (Muir 2003) . We have replaced Y356 with a series of fluorotyrosine (Yee et al. 2003a; Seyedsayamdost et al. 2005b) , 3-nitrotyrosine (Yee et al. 2003b ) and aniline (Chang et al. 2004b ) unnatural amino acids, thus allowing us to systematically vary both the pK a and the reduction potential (E p ) of the radical at this position. The fluorotyrosines (F n Y) listed in table 1 have permitted the most detailed investigation owing to a
and pK a values (from 5.6 to 9.9; Seyedsayamdost et al.
2006a). pH rate profiles of deoxynucleotide production by the F n Y356-R2/R1 complexes suggest that the rate-determining step in RNR turnover can be changed from a physical (conformational) step to the radical propagation step, by altering the reduction potential with F n Ys (Seyedsayamdost et al. 2006b ). Figure 9 plots the activity of each F n Y356-R2 relative to wild type versus E p of F n Y $ , relative to Y $ . For E p O80 mV versus Y $ , the activity of RNR is inhibited, and for E p O200 mV nucleotide reduction is no longer detectable. These studies support the contention that Y356 is a redox active amino acid on the radical propagation pathway. Open and closed circles in figure 9 represent deprotonated (indicated by open circles) and protonated (filled circles) F n Y-R2s, respectively, based on the pK a values in table 1. Both deprotonated and protonated forms have similar activities for E p !80 mV versus Y $ , establishing that the protonation state of Y356 does not affect the activity of the enzyme and hence that a proton at Y356 is not obligated to the pathway. These results lead us to propose that, upon oxidation of Y356, the proton is transferred 'off--pathway' in an orthogonal manner to bulk solution, either directly or via amino acid residues of the enzyme. This result becomes more profound when taken together with the suggestion that the oxygen of a water/hydroxo bound to Fe1 in the resting-state crystal structure of R2 (Hö gbom et al. 2003 ) is the probable PT partner of Y122 . With oxidation and reduction of the Y122 and Y356 termini coupled to an orthogonal PT over a short distance, radical transport through R2 may occur via long-range ET. However, we reiterate that Y356 is thermally labile in the crystal structure of R2 (Hö gbom et al. 2003) , and hence its location between W48 of R2 and Y731 of R1 is unknown and may vary during turnover. Against this backdrop of a long-distance ET in R2, a further insight into the role of PCET has come from transient kinetic studies of W-Y dipeptides. We have shown that the rate and the directionality of radical transfer between W and Y in dipeptides can be controlled by changing the pH of the bulk solution, thereby affecting the reduction potentials of the corresponding radicals (Nordlund et al. 1990; Nordlund & Eklund 1993) were the first to recognize the potential mechanistic importance of W48 and
C by proposing the Fe1/H118/D237/ W48 pathway in cofactor assembly and nucleotide reduction, based on the structurally analogous and spectroscopically well-characterized Fe(haem)/H/ D/W ET pathway in cytochrome c peroxidase. Subsequent studies have shown that, under certain
C plays a key role in cofactor assembly (Bollinger et al. 1991 (Bollinger et al. , 1994 Baldwin et al. 2000; Krebs et al. 2000) . These results, taken with site-directed mutagenesis studies (Rova et al. 1995) , have led us to support a model in which W48 is central to a PCET pathway in R2 that directs both the cofactor assembly and the initiation of nucleotide reduction ( Stubbe et al. 2003) . As for the latter, previous kinetic studies have led to the proposal that PCET occurs in the forward and reverse directions along the 35 Å pathway, each time nucleotide reduction occurs (Ge et al. 2003; Stubbe et al. 2003) . The crystal structure R2 (Hö gbom et al. 2003) shows that the indole nitrogen of W48 is hydrogen bonded to the carboxylate oxygen of D237 located 2.9 Å away (figure 8). Based on the W-Y dipeptide results, D237 most probably provides a site to incorporate PCET by coupling ET along the radical transport pathway to an orthogonal PT to or from W48, thus providing a mechanism in R2 to control the direction of radical transport between Y122 and Y356.
(c) Proton-coupled electron transfer in R1 subunit of ribonucleotide reductase The Y7314Y7304C439 triad in R1 connects Y356 of R2 to the active site. As shown by the distances in figure 8 , the triad is in hydrogen-bonding contact. We have developed the methods summarized in figure 10 to investigate this pathway. Briefly, the 20-mer C-terminal peptide tail (R2C20, NH 2 -YLVGQIDSEVDTDDLS NFQL-COOH) of the R2 subunit has been retained because this peptide contains the critical Y356 and the binding determinant of R2 to R1 (Climent et al. 1991 (Climent et al. , 1992 . Using solid-phase peptide synthesis, the C--terminal peptide tail of R2 is produced with a photo-oxidant appended proximal to Y356 on the peptide (figure 10, red circle). Laser excitation of the modified peptide provides a method to generate $ Y356, bypassing hole generation at the metallo-cofactor therein and allowing us to instantaneously 'turn on' the PCET pathway in RNR. The design shown in figure 10 is predicated on using a photo-generated $ Y356 to initiate radical transport into R1, produce the thiyl radical at the active site, and consequently induce RNR activity. We established the validity of this construct using tryptophan as the photo-oxidant (Chang et al. 2004c Figure 11 . Light-initiated single turnover experiments in R1-peptide complexes. Samples were irradiated using 299 nm long pass filters at room temperature for 2 min. Light (cyan) and dark (grey) bars correspond to light reactions and dark controls, respectively. R1 was purified and dC product quantitated as previously described (Chang et al. 2004c ).
'inner-filter' of the excitation light led us to explore the viability of unnatural benzophenone-containing amino acids (BPA) as an excited-state oxidant of tyrosine (Reece et al. in preparation) . Excitation of the BPA-modified peptide with UV light (l exc O325 nm) yields the benzophenone-ketyl radical and tyrosyl radical on the sub-nanosecond timescale; the photo-generated radicals recombine with a 500 ns time constant. Figure 11 shows that, under single turnover conditions with the peptide bound to R1 and in the presence of CDP substrate and ATP effector, the enzyme is active when excited by light and inactive in the absence of excitation. Mutation of Y730 to F breaks the hydrogen bond network in R1 and increases the electron and proton tunnelling distance, as now the radical must tunnel directly from C439 to reduce the hole on Y731 $ . As seen in figure 11, this mutant is effectively inactive towards photo-initiated nucleotide reduction. This result provides strong evidence that radical transport is indeed pathway specific in R1 and suggests a collinear PCET pathway.
(d) A model for proton-coupled electron transfer in ribonucleotide reductase Figure 12 presents the present model for PCET in RNR. Beginning at the cofactor, an orthogonal PT between Y122 and the diiron oxo/hydroxo cofactor establishes the need only for the transfer of an electron through the span of R2. Oxidation of Y356, the redox terminus of the R2 pathway, demands a PCET reaction; however, this also appears to involve a PT orthogonal to the ET pathway. By moving the protons at Y122 and Y356 off pathway, the radical transport in R2 involves a long-distance ET coupled to short PT hops at the tyrosine endpoints. In setting up the radical transport pathway in this fashion, the very different PT and ET length scales are managed in RNR. The direction of ET along the pathway may logically be ascribed to control by an orthogonal PT between W48 and D236. Dipeptide W-Y studies are consistent with this contention. Within R1, the activity studies of the Ac-(W/BPA)-R2C20 peptide and R1, together with those of the Y730/731F R1 mutant, suggest a collinear PCET pathway through R1 in which both the electron and the proton may be transferred between Y731-Y730-C439. Such a transfer is unusual inasmuch as radical transport occurs by committing both the proton and electron to the pathway. For instance, in photolyase, radical transport also occurs among a triad of amino acid radicals (WWW) on the sub-nanosecond timescale to form the [ $ W306H] C radical on the protein surface, which then deprotonates to bulk solution (Aubert et al. 2000) . In this case, ET is used for radical transport rather than the PCET, as observed in R1 of RNR. In contrast to most systems studied to date in biology, RNR appears to incorporate all the variances of PCET mechanisms in its transport of a radical across two subunits and over 35 Å .
(e) Future prospects As of now, we have no direct information on the radical transport mechanism between subunits, i.e. Y356 and Y731. To resolve the $ Y356/Y731 radical hop from the peptide into R1, new tools need to be developed to distinguish the two Y $ s spectrally. The fluorotyrosines prove useful in this regard. Figure 13 shows the transient absorption spectra of benzophenone--fluorotyrosine dipeptides (BPA-F n Y-OMe) following nanosecond excitation (Seyedsayamdost et al. 2005a) . The feature at 547 nm is constant for each BPA-F n-Y-OMe and corresponds to the benzophenone ketyl radical; the absorption to the blue is attributed to F n Y $ . Shifts in the maximum are observed from 395 to 415 nm depending on the extent and location of fluorine substitution. In most cases, the F n Y $ spectra are clearly distinguished from that of Y $ . Thus, incorporation of fluorotyrosines at position 356 on the R2 peptide should allow us the direct measurement of the time-course of $ Y356/Y731 by time-resolved UV-vis spectroscopy. These studies will be facilitated by photo-oxidants that can be excited well to the red of the RNR's absorption profile. We have addressed this issue as well by delineating the details of Y oxidation directly by developing the photo-oxidation of Y by BPA, which can be excited at l exc O300 nm ( Reece et al. in preparation) . Even further shifts into the red spectral region can be achieved by exploiting the spectroscopy of metal-based photo-oxidants. We have shown that the metal-to-ligand charge transfer excited states of Re I polypyridyl complexes can be engineered to efficiently oxidize Y with l exc O400 nm. Therefore, choice of the appropriate photo-oxidant and a comprehensive study of the F n Y-R2C19 peptides should allow direct characterization of the amino acid radical intermediates in R1 and the rate for radical injection into R1. The PCET contribution to these kinetics can be de-convolved by exploiting the E p and pK a differences of the F n Y as we have done in the studies described in §3b. 
